Objective: We characterized protein-specific CD8 þ T-cell immunodominance patterns during the first year of HIV-1 infection, and their impact on viral evolution and immune control.
Introduction
There is compelling evidence that acute-phase HIVspecific CD8 þ T cells play an important role in determining the clinical course of disease. Experimental data and mathematical models show that the appearance of HIV-1-specific CD8 þ T cells coincides with and contributes to the decline in peak viremia in acute infection [1] [2] [3] [4] [5] , and in some cases, virus-specific CD8 þ T cells precede antibodies [3, [5] [6] [7] . An indicator of CD8 þ T-cell immune pressure on the virus is the emergence of viral escape within CTL epitopes, which can occur as early as 10 days after detection of a CD8 þ T-cell response following HIV-1 infection [3, 8] .
Despite strong data that HIV-1-specific CD8 þ T cells play a critical role in viral control, there is also evidence of marked heterogeneity in their antiviral effectiveness. First is the observation that almost all HIV-1-infected individuals have detectable T-cell responses, irrespective of viral control [9, 10] , suggesting inefficient viral control by some CD8 þ T cells [11] [12] [13] [14] [15] [16] . Secondly, it has been demonstrated that CD8 þ T cells targeting different viral proteins differ in their antiviral effectiveness [12] , consistent with clinical data that Gag, but not Env or Nef-specific responses, are associated with lower viremia [12, [17] [18] [19] [20] [21] . Third, there is variability in the hierarchy of responses following infection and the ability of human leukocyte antigen (HLA)-restricted CD8 þ T-cell responses to drive viral immune escape is not consistent and remains incompletely characterized [5, 22, 23] .
Studies of early HIV-1 infection offer an opportunity to unravel properties underlying CD8 þ T-cell effectiveness. Although numerous studies have examined CD8 þ T cells in early infection [1, 2, 8, 11, 21, [23] [24] [25] [26] [27] [28] , less is known about the impact and fate of these responses in persons with clearly defined dates of infection in whom studies have been initiated within a month of exposure to the virus [3, 7, 11, 13, 21, 24, 29] . A number of studies have reported on the longitudinal analysis of CD8 þ T-cell responses in relation to time from initial acute or primary infection and viral load, in order to determine the kinetics and fate of these responses and their impact on the virus over time [3, 5, 13, 19, [21] [22] [23] [24] 30] . However, few have assessed CD8 þ T cells to the entire viral proteome during acute infection and at 1 year in antiretroviral-naive persons, in high-prevalence and incidence settings [5, 24] . This is an important consideration in view of evidence of viral adaptation to endemic population HLA and loss of CTL epitopes over the course of the epidemic [31, 32] , and the emerging evidence of high transmission of escape variants [33, 34] .
Here, using a cohort of acutely infected individuals in a high HIV-1 prevalence setting, we defined the specificity of the earliest CD8 þ T-cell responses, and longitudinally characterized the fate of these responses and their impact on viral control within the first year of infection. Our data provide evidence of marked differences in immunogenicity of individual viral proteins for induction of HIV-specific CD8 þ T-cell responses during acute HIV infection, and lack of a clear relationship of early CD8 þ T-cell responses to viral load. However, over a 1-year period of follow-up, the number of targeted Gag CD8 þ T-cell epitopes increased resulting in a significant negative association between these responses and the viral load set point. This information sheds light on the characteristics of evolving CD8 þ T-cell responses, which mediate long-term control of HIV-1 infection in a high-incidence setting.
Methods

Study participants
The cohort consisted of 18 antiretroviral-naïve individuals with acute HIV-1C infection, identified in Durban, South Africa [7] . Briefly, study participants were recruited from HIV counseling and testing centers based on the criteria of being HIV rapid immunoassay-negative and plasma RNA-positive. Blood samples were obtained from study participants at 2, 4, 6, 8, 12, 18, 26, and 52 weeks after infection. The date of infection was estimated to be 14 days prior to screening, as previously described [7] . The median age at recruitment was 28 years [interquartile range (IQR) 26-40 years] , and 60% of the participants were women. The median plasma viral load at enrollment was 5572 160 RNA copies/ml (IQR 921 090-9 320 000 RNA copies/ml) and the median CD4 þ cell count was 389 cells/ml (IQR 275-496 cells/ml). The average viral load between 3 and 12 months after infection was the measure of viral load set point used in this study. The Biomedical Research Ethics Committee of the University of KwaZulu-Natal approved this study, and the participants provided written informed consent.
Synthetic HIV-1 subtype C peptides A panel of 410 consensus subtype C peptides (18-mers overlapping by 10 amino acid residues), spanning the entire HIV-1 proteome, were synthesized on an automated peptide synthesizer (MBS 396; Advanced ChemTech, Louisville, Kentucky, USA) and used in the ELISPOT assay as previously described [35] .
Viral load determination, CD4 R T-cell counts, and HLA typing Plasma HIV-1 RNA levels were quantified using the Roche Amplicor version 1.5 or Cobas Taqman HIV-1 Test according to the manufacturer's instructions (Roche Diagnostics, Branchburg, New Jersey, USA). Absolute blood CD4 þ T-cell counts were enumerated using Tru-Count technology on a FACSCalibur flow cytometer (BD Biosciences, San Jose, California, USA). High-resolution HLA typing was performed as previously described [7] .
Interferon-g ELISPOT assay Interferon (IFN)-g enzyme-linked immunosorbent spot assays (ELISPOT) were performed as described previously [7, 35, 36] . Briefly, peripheral blood mononuclear cell (PBMC) samples were stimulated with HIV-1 peptide pools (2 mg/ml) and incubated overnight at 378C with 5% CO 2 . Phytohemagglutinin was used as a positive control, and negative controls consisted of cells without stimuli. Confirmation of positive responses at the single-peptide level within peptide pools was undertaken in a second ELISPOT assay. A response was defined as positive when there were at least 100 spot-forming cells (SFCs)/million PBMCs and the total number of spots was 3 SDs above the negative control value [37, 38] . HLA class I-restricted epitopes, predicted from the published epitopes on the HIV immunology database [39] , based on the expressed HLA alleles of the participants, were also tested.
Cultured interferon-g ELISPOT assay
The assays were performed as described previously [40, 41] . Briefly, 5-10 Â 10 6 peptide-stimulated PBMCs were cultured at 378C and 5% CO 2 for 12 days in 5-10 ml of Roswell Park Memorial Institute medium containing 10% heat-inactivated fetal calf serum (R10 medium) and supplemented with 50 units/ml of recombinant human interleukin (IL)-2 (R10/50 medium). Unstimulated cells cultured with IL-2 (R10/50 medium) alone were used as controls. A peptide concentration of 100 ng/ml (the final concentration of each peptide within the pool) was selected for these experiments. Fresh R10/50 medium was added to the cultures at days 3, 7, and 10, as needed. On day 12, cells were harvested, washed three times with fresh R10 medium, and rested at 378C and 5% CO 2 overnight in fresh R10 medium. Cells were then plated for a standard ELISPOT assay as described for the ex-vivo ELISPOT.
Virus sequencing
Viral RNA was isolated plasma samples using the QIAamp Viral RNA Extraction Mini Kit (Qiagen, Hilden, Germany). Viral RNA was then reverse transcribed using ThermoScript RT-PCR System kit (Invitrogen, Carlsbad, California, USA) and the genespecific primer, GagD reverse, as previously described [42] . Sequencing was done using the ABI PRISM Big Dye Terminator Cycle Sequencing Ready Reaction kit version 3.4 (Applied Biosystems, Foster City, California, USA).
Statistical analysis
Statistical analysis and graphical presentation were performed using GraphPad Prism version 5.0 software. Pearson's or Spearman's correlation was used to assess the relationship between immune responses and viral load. Statistical analysis of significance was calculated using Friedman analysis of variance (ANOVA) with Dunn's test for multiple comparisons. A value of P less than 0.05 was considered statistically significant.
Results
Dynamics of HIV-1-specific T-cell responses and association with viral load
In earlier studies, we examined the specificity of CD8 þ T-cell responses to HIV during the first 18 weeks of infection in 20 patients with acute HIV infection [7] .
Here we extended these studies by examining changes in the frequency of recognition, magnitude, and breadth of HIV-1-specific CD8 þ T-cell responses during the entire first year of infection.
We screened 18 patients using the IFN-g ELISPOT assay with synthetic peptides spanning HIV-1 Gag, Pol, Env, Nef, Tat, Vpr, Rev, Vif, and Vpu, as described under the 'Methods' section. A summary of the defined class I major histocompatibility complex (MHC)-restricted HIV-1 epitopes targeted per patient is depicted in Fig. 1 .
At 4 weeks after infection, the earliest time point of measurement of HIV-specific CD8 þ T-cell responses, 55% of the patients made Nef-specific T-cell responses, followed by Gag (33%), Pol (27%), VVTRV (Vif, Vpr, Vpu, Rev, and Tat) (16%), and Env (10%) ( Fig. 1a ). Responses against Nef increased in frequency, and between 12 and 18 weeks, 77% of the patients had detectable Nef responses; subsequently, these responses underwent a marked decline, and at 52 weeks, only 55% of the patients had detectable anti-Nef responses. In contrast, epitopes in the Gag region were targeted by only 33% of the patients at 4 weeks and this number increased to 83% at 52 weeks. The number of individuals with detectable responses against Pol peaked at 12 weeks when 94% of the patients had detectable anti-Pol responses.
Of the responses measured against both overlapping peptides (OLPs) and optimal epitopes (8-11 mer), 88% were confirmed to be CD8 þ T-cell-mediated based on known HLA restriction or recognition of 9-11 amino acid epitopes. However, 9% of the OLP responses were detected in the absence of responses against defined class I MHC-restricted HIV-1-specific CD8 þ epitopes known to be contained with these OLPs, and eight (3%) were against OLPs that have not been defined, raising the possibility that these may be either CD4 þ or novel CD8 þ T-cell responses. The sequences of the defined class I MHC-restricted HIV-1-specific CD8 þ epitopes that were targeted, the restricting MHC class I allele, and position of these epitopes in the HIV-1 genome, as well as OLPs that were targeted but have not been previously defined, are listed in Supplementary Tables 1 and 2 (http://links.lww.com/QAD/A599).
In those in whom HIV-1-specific T-cell responses were detected, the mean magnitude of responses was variable over time ( Fig. 1b) . In comparison to responses directed against other regions at 4 weeks, the mean magnitude of responses targeting epitopes in Nef were higher in magnitude followed by Env -1100 and 720 SFC/million PBMC, respectively (Fig. 1b) . In contrast, the mean magnitude of Gag responses were the lowest at 320 SFC/ million PBMC at this time and although fluctuations were observed in the magnitude of responses targeting other regions during the 1 year of infection, the mean maximal magnitude of Gag responses was reached at 8 weeks and was maintained up to 52 weeks after infection.
Evolution of immune responses was also apparent in terms of the breadth of responses to individual viral proteins. For this analysis, we examined the sum total responses detected in the 18 study participants. A total of 41 T-cell responses against epitopes in Gag, Pol, Nef, Env, and VVTRV were measured at 4 weeks. As expected, Nef responses were dominant in breadth ( Fig. 1c ) and made 42% of the total detectable HIV-specific CD8 þ T-cell response at this time, whilst Pol and Gag-specific responses contributed 24 and 17%, respectively. Yet, with increased duration of infection, there was a steady rise in the overall number of Gag epitopes targeted ( Fig. 1c-h ) and the highest breadth of Gag-specific responses was recorded at 52 weeks after infection, the last time point to be analyzed ( Fig. 1f) . At the last time point to be analyzed, Gag responses were most dominant in breadth ( Fig. 1f ) and made up to 47% of the total detectable HIV-specific CD8 þ T-cell response at this time, whilst Pol and Nef-specific responses contributed 19 and 13%, respectively.
We next aimed to study the impact of magnitude or breadth of CD8 þ T-cell responses disease progression in 26 AIDS 2015, Vol 29 No 1 the first 12 months after infection. We observed no correlation between magnitude and breadth of all of responses to epitopes in Pol, Env, Rev, Tat, Vpu, Vpr, and Vif, and viral load set point at any time point analyzed (data not shown). There was also no significant association between the breadth of Nef T-cell responses and viral set point at any time point, albeit for a trend towards positive correlation noted at 8 weeks (P ¼ 0.098, r ¼ 0.40) ( Fig. 2a) . Although there was no correlation observed between the breadth of Gag-specific responses measured up to 18 weeks and viral set point ( Fig. 2b and data not shown) , subsequent measures showed a significant negative association from 26 weeks (P ¼ 0.0081, r ¼ À0.60) and at 52 weeks (P ¼ 0.027, r ¼ À0.52) ( Fig. 2b-d) . When a linear regression model was fitted, accounting for the repeated measurements and adjusting for weeks after infection, there remained a significant association between breadth and viral load set point, such that for every 1 unit increase in breadth, viral load decreased by 0.15 log copies/ml [standard error (SE) 0.067, P ¼ 0.0225; data not shown).
The fate of the early T-cell responses and their impact on viremia As illustrated in Fig. 1 , over the first year of infection, CD8 þ T-cell responses are highly variable. Even at an epitope-specific level within each viral protein, immune responses fluctuated with some persisting throughout, some no longer detectable at later time points, whereas others were undetectable at some time points and later re-emerged [7] . Few studies have examined the relationship between early loss and gain in CD8 þ T-cell responses and viral load [3, 24, 43] , and this led us to investigate the fate of these early responses and their impact on viral load set point.
We focused our analysis on two distinct recognition profiles, persistent and lost responses. Persistent responses were defined as responses that were detected as early as 6 weeks and persisted up to 52 weeks. Lost responses were defined as responses which appeared at any time during the follow-up period, but had decreased by more than 80% and/or had fallen below the threshold of 100 SFC/ 10 6 PBMC at 52 weeks after infection. Analysis revealed that of the 92 HIV-1-specific CD8 þ T-cell responses detected at 6 weeks, only 41 (45%) persisted at 52 weeks. Of the 16 Gag-specific responses measured at 6 weeks, 12 (75%) persisted and were still detectable at 52 weeks. Table 1 shows a summary of persistent responses. All patients had persisting T-cell responses against either optimal epitopes (36 in total) and/or OLPs (5 in total), ranging from one to five responses per patient. Responses to Pol made up 34% of all persistent responses, followed by Gag (29%), and Nef (15%). When T-cell responses were analyzed irrespective of the viral protein or the region targeted, there was no significant association between the breadth of responses and viral load set point (P ¼ 0.37, r ¼ À0.22) (Fig. 3a) .
Even though Pol-specific responses made up 34% of all persistent responses, there was no correlation between the breadth of these responses and viral load set point (P ¼ 0.77, r ¼ À0.07) (Fig. 3b) . In contrast, a significant association was observed between Gag-persistent responses and viral set point (P ¼ 0.010, r ¼ À0.58) ( Fig. 3c ), suggesting that persistent Gag-specific CD8 þ responses may be advantageous in providing a sustained reduction in viremia.
Whilst some of the early HIV-1-specific IFN-g ELISPOT CD8 þ T-cell responses persisted, 55% of the responses waned and were below the detection threshold at 52 weeks.
To determine the fate of some of these responses which were no longer detectable, we used the cultured IFN-g ELISPOT assay which assesses the proliferation of lowfrequency T-cells [40, 41, 44] . Sample availability limited evaluation by the cultured ELISPOT assay to only eight patients. In these eight individuals, a total of 96 (median 11) ex-vivo ELISPOT responses were measured between weeks 4 and 26 after infection (Supplementary Table 3 , http://links.lww.com/QAD/A599). These responses fluctuated over time and only 30% were still detectable by the ex-vivo ELISPOT assay at 52 weeks. Of the 67 individual epitope-specific T-cell responses which had disappeared and were presumed lost, 27 (40%) of these responses could be detected with the cultured ELISPOT assay. These responses were scattered across the proteome, with 30% of the responses targeting Gag epitopes. There was no significant correlation between the presence of cultured ELISPOT responses targeting all HIV-1 regions and viral set point (P ¼ 0.24, r ¼ 0.47 and data not shown). However, a significant negative correlation between the cultured ELISPOT Gag-specific responses and the viral set point (P ¼ 0.001, r ¼ À0.91) (Fig. 3d ) was observed. In summary, the cultured ELISPOT amplified and enhanced the detection of at least 40% of the low frequency T-cell responses, and low-frequency Gag-specific responses appeared to mediate viral control.
Gag immune responses and viral evolution in primary HIV-1 infection
To investigate the relationship between Gag-specific T-cell responses and sequence evolution within targeted Gag epitopes, we sequenced HIV-1 gag from plasma samples obtained at 2-6 weeks and 52 weeks after infection. We evaluated a cumulative total of 210 epitopes restricted by the HLA class I alleles expressed by the study participants. Of the epitope sequences assessed at 2-6 weeks, T-cell responses were only mounted against 14% (11 of 78) of the wild-type epitopes known to be presented in the context of HLA alleles expressed by the patient (Fig. 4a) . Interestingly, 7% (9 of 135) of the epitopes with variant sequences either in the putative epitope or in the flanking region also induced a detectable T-cell response. Analysis at 52 weeks showed that a significantly higher number of both wild-type (24 of 75, 32%; P ¼ 0.006) and variant epitopes (21 of 135, 15%; P ¼ 0.01), respectively, induced an ex-vivo ELISPOT detectable CD8 þ T-cell response. A total of 11 Gagspecific T-cell responses against wild-type epitopes were measured at 2-6 weeks, but mutations had occurred in only two of these epitopes -the HLA-B Ã 57-TW10 and B Ã 81-TL9 by 1 year -and yet these two epitopes still induced a detectable response at this time (Fig. 4b) .
In contrast, CD8 þ T-cell responses against HLA-B Ã 8-EV9 and HLA-B Ã 15:10-VL10 were no longer detectable after 6 weeks, and these wild-type epitope sequences failed to induce a detectable response even up to 52 weeks. Responses targeting six of the epitopes with variant sequences at 2-6 weeks declined over time, yet this loss of response did not coincide with further sequence changes within the epitopes or their flanking regions (Fig. 4c ).
There was no significant difference in viral set point between participants who made early T-cell responses to wild-type epitopes and retained these responses even when variant sequences arose (median 4.1 log10 copies/ ml) and participants who made early T-cell responses against variant epitope sequences and retained these responses (median 4.4 log10 copies/ml) (P ¼ 0.416). However, the former had significantly lower viral load set point values in comparison to participants who made responses to epitopes with variant sequences, but subsequently lost these responses (median 5.2 log10 copies/ml) (P ¼ 0.003).
Discussion
Data over the past years have established that early immune events determine the rate of HIV/AIDS disease progression, and thus a detailed understanding of properties of effective CD8 þ T cells in early infection may inform vaccine and therapeutic strategies [26, 27, 45 ].
In the current study, we have analyzed the evolution of HIV-specific T-cell responses during the first year of infection, investigated their association with viral load set point, their ability to persist and their ability to induce viral escape. A diverse pattern of T-cell recognition across the HIV-1 proteome was evident during primary infection, with significant heterogeneity among participants in Table 1 . Confirmed persistent HLA class I-restricted HIV-specific CD8 R T-cell epitopes and overlapping peptides targeted between 6 and 52 weeks after infection. the timing of appearance and dominance of virus-specific T-cell responses. Although Nef responses were initially dominant in magnitude and breadth, Gag-specific responses steadily increased and had become dominant by 1 year after infection. A significant finding in the current study is the inverse association between the viral load set point and breadth of Gag responses measured during early infection, but not those measured at the most acute phase of infection. Our findings provide a clear demonstration of the broadening of Gag-specific T-cell responses over the course of 1 year following HIV-1 infection, with this increased immunogenicity associated with lower viral load set point. Our findings are in line with other studies, which have shown that the presence of a high proportion of Gag-specific CD8 þ T-cell responses correlates with delayed disease progression [19] [20] [21] 23, [46] [47] [48] .
Participant ID
The paucity of Gag-specific responses during the acute stages of HIV-1 infection when dramatic declines in viremia are recorded suggest that Gag-specific T-cell responses may be more important in maintaining rather than determining the viral load set point [3, 43, 49] . Importantly, and relevant for vaccine design, our results imply that relatively limited Gag immunogenicity during acute HIV-1 infection leads to suboptimal viral control. Thus, a vaccine designed to induce greater breadth of Gag-specific CD8 þ T-cell responses may tilt the balance towards control during the earliest phases of infection and result in more efficient subsequent viral control than would be expected in natural infection.
We also show that individuals with controlled viremia had significantly higher Gag-specific T-cell responses, which persisted from the first 6 weeks up to 52 weeks after infection. These findings confirm the ex-vivo ELISPOT assay could be detected by the cultured ELISPOT assay, suggesting that they were maintained as low-frequency central memory precursors [40, 41] . However, it cannot be ruled out that these responses represent low-frequency CD8 þ T cells that are functionally and phenotypically indistinguishable from those detected by the regular ELISPOT assay [50] . We noted a significant negative correlation between the presence of cultured ELISPOT Gag-specific T-cell responses and the viral set point, consistent with previous studies showing antiviral activity of these cells [40] and that preservation of memory T-cells is essential for better outcome and survival in HIV-1 infection [41, [51] [52] [53] [54] .
HIV-1 Gag sequencing revealed that despite the host expression of the restricting HLA alleles and the presence of wild-type epitopes, T-cell responses were only mounted against a few of the epitopes. Therefore, failure to detect Gag-specific T-cell responses is not primarily due to sequence variation within cognate epitopes. Furthermore, CD8 þ T-cell-driven viral escape in this cohort was rare, although we cannot rule out escape in non-Gag regions where such mutations may be more common [3, 5] . Interestingly, participants with persisting detectable T-cell responses against invariant epitopes, had significantly lower viral load set point values when compared to participants with responses to epitopes containing variant sequences, but subsequently lost these responses. These data suggest that persisting Gag-specific T-cell responses, which may be the result of continual invariant viral epitope presentation or the generation of de-novo responses to arising variant epitopes, bear the greatest burden on control of early HIV-1 replication and disease progression [19, 24, 49] .
Broad and persistent Gag-specific CD8 R T-cell responses Radebe et al. The data indicate that broad and persistent Gag-specific effector and central memory-type CD8 þ T cells are required for the maintenance of low viral load levels in primary infection. Acute and primary infection phase CD8 þ T cells in this study mostly failed to induce immune escape over the first year of infection, highlighting the need to better understand the characteristics of effective HIV-specific CD8 þ T cells. Our study suggests that an early and broadly directed Gag-specific CD8 þ T-cell response in acute infection may augment early control, and may be informative for a rational approach for prophylactic and therapeutic vaccination.
